Abstract: Relativistic Atomic Natural Orbitals (ANO-RCC) are extrapolated to the complete basis set limit. ANO-RCC-VXZP (X = D, T, Q) basis sets were extrapolated using standard extrapolation techniques. Five noncovalent complexes, characterized by hydrogen, dispersion and halogen interactions, were chosen. Accurate description of the studied complexes is allowed only after the inclusion of electron correlation and large basis sets which have to include polarization and diffuse functions. Results are in quantitative agreement with the benchmark data obtained by standard aug-cc-pVXZ-DK (X = D, T, Q) basis sets considering chemical accuracy of ±1 kcal/mol.
Introduction
Noncovalent interactions play crucial role in many chemical systems or processes. Although noncovalent interactions exhibit considerably weaker stability compared to covalent bonds, they significantly influence the stability, structure and properties of e.g. biomolecular systems (such as DNA, RNA or proteins, Vondrášek et. al., 2005; Riley et. al., 2006; Vondrášek et. al., 2007; Berka et. al., 2009) . Similarly, complexes of neutral metal atoms, such as Cu, Ag, Au or Pt with lone pair ligands (ligands with lone electron pair, such as ammonia, water or phosphine) or aromatic molecules (benzene, coronene) are bonded by weak noncovalent interactions (Granatier et. al., 2010; Granatier et. al., 2011; Granatier et. al., 2013) . Hydrogen bonds, dispersion and charge-transfer interactions, or halogen bonds are the most prevalent types of noncovalent interactions. An accurate description of complexes stabilized by noncovalent interactions requires the use of the most sophisticated computational methods:
• First of all, electron correlation effects, such as perturbation or coupled cluster approaches, have to be accounted for. The coupled cluster method with single and double excitations and perturbative triple correction (CCSD(T), Raghavachari et. al., 1989) , represents the gold standard of computational chemistry for assessing noncovalent interactions of closed shell (single reference) species. However, the long computational time and high computational demands of this approach, scaling is O(N 7 ) with the size of the basis set, allow the use of this method only for small systems. The CCSD(T) approach in combination with an extended basis set (see the point below) provides interaction energies for various types of noncovalent chemical complexes as well as higher accuracy (±1 or ±0.1 kcal/mol) (Riley et. al., 2010) . A large part of electron correlation can be covered using the second order Møller-Plesset perturbation theory (MP2) [Møller et. al., 1934] which allows calculating molecular systems with the size of 100 atoms due to its lower computational demands (scaling is O(N 5 ) with the size of the basis set) compared to the CCSD(T) method. Although the MP2 method describes well the most important part of the interaction energy, such as the induction, charge-transfer, electrostatic and exchange contributions, the dispersion component is largely overestimated.
• The second important factor in an accurate calculation of noncovalent complexes is the basis set quality including polarization and diffuse functions. However, correlation energy, which plays an important role in the description of noncovalent complexes, slowly converges with the size of the basis set. Consequently, the CCSD(T) correlation calculations of medium size or large noncovalent molecular complexes with very large basis sets are still impractical. Thus, design of extrapolation techniques for the correlation energy estimation in complete basis set limit is desirable. Very useful studies on the basis set convergence and the extrapolation to the complete basis set limit suggestions were presented by Martin (Martin, 1996; Martin et. al., 1997; Martin, 1998) and Halkier (Halkier et. al., 1996) . Both extrapolation schemes were used to obtain very accurate results for small molecules. However, these results were extrapolated from calculations performed in large aug-cc-pVXZ (X = T, Q, 5) or cc-pCVXZ (X = 5, 6) basis sets, where X is the cardinality number of the basis set. When considering the cc-pVDZ or cc-pCVDZ, the extrapolation accuracy decreases. Halkier et al. recommended the optimization of extrapolation exponents to minimize the differences between the best estimate of the basis set limit and the result obtained by extrapolation of basis sets with a lower cardinality number. This idea was applied also by Truhlar (Truhlar, 1998) who suggested the values of extrapolation exponents to be 3.4, 2.2 and 2.4 for HF, MP2 and CCSD(T) levels of theory from calculations performed in cc-pVDZ and cc-pVTZ basis sets, respectively. Jurečka et al. (Jurečka et. al., 2002) showed that the difference between the CCSD(T) and MP2 interaction energies converge faster to the complete basis set limit than those calculated at the MP2 and CCSD(T) levels of theory. Thus, the MP2 interaction energy is extrapolated to the complete basis set limit and then corrected for the difference between CCSD(T) and MP2 interaction energies calculated using the smaller basis set used:
where
represents the extrapolated MP2/CBS interaction energy, and the difference in parentheses is the correction term estimated as the difference of the interaction energies ∆E CCSD(T) and ∆E MP2 calculated in a smaller basis set. At present, this approach represents the standard method for benchmark CCSD(T)/CBS interaction energies determination (Pitoňák et. al., 2008; Pitoňák et. al., 2009; . Optimized structures calculated at the CCSD(T)/CBS level of theory as defined by eq. 1 are collected in databases such as S22, S66, X40 or A24 (Jurečka et. al., 2006; Řezáč et. al., 2011; Řezáč et. al., 2012; Řezáč et. al., 2013) . These databases contain exclusively complexes bonded by weak noncovalent interactions e.g. hydrogen, dispersion or halogen bonds, respectively, and are designed for the development and benchmarking of new approaches or methods. The presented paper is focused on the extrapolation of relativistic all-electron ANO (ANO-RCC) basis sets (Roos et. al., 2004 , Roos et. al., 2005 . The ANO-RCC basis sets include polarization and diffuse functions and hence are useful for the calculation of noncovalent interactions. Furthermore, ANO-RCC basis sets are available for the entire periodic table. Another advantage of these basis sets is that they are available with various degrees of contraction (cardinal numbers). However, these basis sets contain the same exponents for all degrees of contraction which is partially a disadvantage for the extrapolation compared to basis sets such as cc-pVXZ or aug-cc-pVXZ (Peterson, 2015) . Herein, it is proved that basis sets of the ANO-type can be still used for the extrapolation of binding energies of noncovalent complexes to the complete basis set limit with chemical accuracy (or higher). Interaction energies evaluated by extrapolation of the ANO-RCC basis set are compared with results obtained by extrapolation of the standard aug-cc-pVXZ basis sets.
Computation details
Numerical results presented in this paper were obtained by the MOLCAS 8.0 quantum chemistry programs (Karlström et. al., 2003) . All studied complexes (methane…F 2 , water…ammonia, water… dimer, HF…methanol and benzene…methane) are characterized by weak noncovalent interactions and are part of the benchmark CCSD(T)/CBS databases for new approaches design and testing. Benchmark interaction energies and the corresponding structures were taken from the website http://www.begdb.com. The benchmark interaction energies as well as the structures noted on the mentioned website were obtained by nonrelativistic calculations. However, our benchmark results were obtained at the relativistic MP2 and CCSD(T) level of theory using the aug-cc-pVXZ-DK basis sets. All studied complexes contain hydrogen and second period atoms. Therefore, with the exception of the 1s 2 electrons of the second period atoms, all electrons in the complexes were correlated. All calculations were performed relativistic basis sets. Therefore, the relativistic effects were included using the scalar relativistic Douglas-Kroll-Hess (DKH) approximation (Douglas et. al., 1974; Hess et. al., 1987) , even though their contribution to the chemistry of light atoms is negligible. All calculated interaction energies were corrected for the basis set superposition error (BSSE) using the counterpoise correction (Boys et. al., 1970) . The presented relativistic MP2 and CCSD(T) calculations were performed in two different all-electron basis sets. The relativistic Atomic Natural Orbital basis sets (ANO-RCC) were contracted according to the recommended contraction, denoted as VDZP, VTZP or VQZP. The ANO-RCC basis sets include polarization (all contractions) and diffuse (VTZP and VQZP contractions) functions. The benchmark results (reference data for comparison purposes) were obtained using the aug-cc-pVXZ-DK (X = D, T, Q) basis sets, developed for relativistic calculations and well suited for the description of weakly interacting systems.
Extrapolation schemes
Three types of extrapolation techniques to obtain interaction energies in the complete basis set limit were used in this study. Herein, the interaction energies were obtained by 2-point extrapolation techniques. The first extrapolation technique (I) used was the one designed by Halkier et. al.: 3 3 3 3 to the HF interaction energy calculated in the higher cardinality number basis set used in the given extrapolation. The second approach (II), designed by Truhlar, is based on the extrapolation of interaction energies calculated in the double-ζ and triple-ζ basis sets only. The complete basis set limit for the HartreeFock (HF) method was obtained as: 
where X i represents the reciprocal number of basis set functions, ∆E i is the particular interaction energy calculated in the given basis set and ∆E CBS is the extrapolated complete basis set limit interaction energy. The number of functions corresponds to the number of contracted functions. For example, the size of the contracted ANO-RCC-VQZP basis set for an H atom is 4s3p2d1f which corresponds to 30 functions. Still, the complete basis set limit interaction energies (in eq. 5) can be obtained in two different ways, the first being based on the addition of the extrapolated MP2 or CCSD(T) correlation interaction energies evaluated by eq. (5) to the Hartree-Fock interaction energies calculated in the larger basis set used in the two point extrapolation, and the second being based on direct extrapolation of the total interaction energies, i. e. ∆E i in eq. (5) represent the sum of HartreeFock and correlation interaction energies. All three extrapolation techniques mentioned above (I-III) were applied to assess the complete basis set limit of the ANO-RCC basis sets. The interaction energies calculated in the aug-cc-pVXZ-DK basis sets were extrapolated by the Halkier's and Truhlar's approaches (I and II) and were considered as the reference interactions.
Results
The MP2/CBS interaction energies (Table 1) of the complexes studied were obtained by direct extrapolation [(eqs (2)- (5) (Table 2) were evaluated first by direct extrapolation techniques as it was the case for the MP2/CBS interaction energies. Moreover, the CCSD(T)/CBS interaction energies were obtained also in the indirect way (Table 3 ) using eq. (1). This method is based on the addition of the difference between CCSD(T) and MP2 interaction energies calculated the smaller basis set to the MP2/CBS interaction energy. Extrapolation schemes used are labeled as follows: e.g. label Halkier/Truhlar [TQ] corresponds to the direct Halkier/Truhlar extrapolation with contracted triple-ζ and quadruple-ζ basis sets; indirect CCSD(T)/CBS interaction energy extrapolations are showed by square brackets containing the contractions of basis sets used for MP2/CBS as well as the basis set contraction used for the evaluation of the difference between CCSD(T) and MP2 interaction energies calculated in the smaller basis set (label 1/n corr [DT-D] corresponds to the use of linear extrapolation of MP2 correlation energies calculated in contracted double-ζ and triple-ζ basis sets, and the difference between CCSD(T) and MP2 interaction energies was calculated in double-ζ basis set). Note that all Tables presented contain the basis set limit interaction energies calculated at the aug-ccpVXZ-DK as well as for the ANO-RCC basis sets. As mentioned earlier, the aug-cc-pVXZ-DK results were used as reference data in this study. Table 1 shows that the MP2/CBS interaction energies calculated in ANO-RCC basis sets agree well with the reference aug-cc-pVXZ-DK data. The worst agreement (about 0.1 kcal/mol) with the reference data was obtained for extrapolations with the ANO-RCC-VDZP and ANO-RCC-VTZP basis sets. However, it is necessary to note that the Truhlar extrapolation exponents are not tailored for ANO-RCC basis sets. Moreover, the ANO-RCC-VDZP basis set is rather small and contains only the polarization function. The absence of the diffuse functions in the ANO-RCC-VDZP basis set seems to be crucial for the assessment of interaction energies in noncovalent complexes. However, the MP2/CBS interaction energies obtained from the ANO-RCC-VTZP and ANO-RCC-VQZP basis sets provide very good agreement with the benchmark data, especially in case of the Halkier's extrapolation. However, description of the benzene...methane complex at the MP2 level with ANO-RCC basis sets is poorer. The best results were obtained using the Halkier's [DT] and [TQ] extrapolations. The use of other extrapolation techniques for the description of this complex led to an overestimation of the interaction energies in comparison with reference data, although these differences are actually small (about 0.2 kcal/mol). The CCSD(T)/CBS interaction energies obtained by direct extrapolation with ANO-RCC-VDZP and ANO-RCC-VTZP basis sets as compiled in Table 2 are in poor agreement with the reference data (Halkier's [TQ] extrapolation of the aug-cc-pVXZ-DK basis sets). However, Halkier's [TQ] extrapolation provides accurate results which are comparable with the benchmark results. On the other hand, extrapolation of 1/n corr and 1/n total of ANO-RCC basis sets overestimate the interaction energies. However, deviations from reference results are small (about 0.2 kcal/mol), with the highest values found for the HF...methanol complex. The CCSD(T)/CBS interaction energies calculated using indirect extrapolation as compiled in Table  3 provide results corresponding to those of the direct techniques. Also indirect extrapolation with the ANO-RCC-VDZP and ANO-RCC-VTZP basis sets combination is insufficient. The reason for the lower extrapolation accuracy is the absence of diffuse functions in the ANO-RCC-VDZP basis set. Interestingly, interaction energies of the benzene... methane complex extrapolated with the ANO-RCC-VDZP and ANO-RCC-VTZP basis sets are overestimated. The ANO-RCC-VTZP and ANO-RCC-VQZP basis sets used for the extrapolation to the complete basis set limit provide results well comparable with the benchmark reference data.
Conclusions
Results obtained with the ANO-RCC basis sets are comparable with the benchmark aug-cc-pVXZ-DK data. However, the calculations have to be performed with the ANO-RCC-VTZP and higher basis sets. The use of the ANO-RCC-VDZP basis set provides poorer estimation of the interaction energies at the complete basis set limit. These poorer (±0.5 kcal/mol) results entire periodic table. Although, the aug-cc-pVXZ-DK basis sets represent the best choice because of the presence of better tailored diffuse functions, the use of the ANO-RCC basis sets represents a competitive alternative in noncovalent systems research.
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